Changes in intestinal luminal pH affect mucosal ion transport. The aim of this study was to compare how luminal pH and specific second messengers modulate the membrane traffic of four major ion transporters (CFTR, NHE3, NKCC1, and NBCe1) in rat small intestine. Ligated duodenal, jejunal, and ileal segments were infused with acidic or alkaline saline, 8-Br-cAMP, or the calcium agonist carbachol in vivo for 20 min. Compared with untreated intestine, lumen pH was reduced after cAMP or carbachol and increased following HCO 3 Ϫ -saline. Following HCl-saline, lumen pH was restored to control pH levels. All four secretory stimuli resulted in brush-border membrane (BBM) recruitment of CFTR in crypts and villi. In villus enterocytes, CFTR recruitment was coincident with internalization of BBM NHE3 and basolateral membrane recruitment of the bicarbonate transporter NBCe1. Both cAMP and carbachol recruited NKCC1 to the basolateral membrane of enterocytes, while luminal acid or HCO 3 Ϫ retained NKCC1 in intracellular vesicles. Luminal acid resulted in robust recruitment of CFTR and NBCe1 to their respective enterocyte membrane domains in the upper third of the villi; luminal HCO 3 Ϫ induced similar membrane changes lower in the villi. These findings indicate that each stimulus promotes a specific transporter trafficking response along the crypt-villus axis. This is the first demonstration that physiologically relevant secretory stimuli exert their actions in villus enterocytes by membrane recruitment of CFTR and NBCe1 in tandem with NHE3 internalization. cystic fibrosis transmembrane conductance regulator; membrane trafficking; electrogenic sodium/bicarbonate cotransporter; sodium-and potassium-coupled chloride cotransporter; sodium/proton exchanger; goblet cell
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induced similar membrane changes lower in the villi. These findings indicate that each stimulus promotes a specific transporter trafficking response along the crypt-villus axis. This is the first demonstration that physiologically relevant secretory stimuli exert their actions in villus enterocytes by membrane recruitment of CFTR and NBCe1 in tandem with NHE3 internalization. cystic fibrosis transmembrane conductance regulator; membrane trafficking; electrogenic sodium/bicarbonate cotransporter; sodium-and potassium-coupled chloride cotransporter; sodium/proton exchanger; goblet cell INTESTINAL DISEASES ARE COMMONLY linked to impaired anion transport and changes in lumen pH. Both responses may underlie pathophysiology of diseases such as secretory diarrhea, cystic fibrosis (CF), Crohn's disease, and ulcerative colitis (13, 17, 37, 62) . For example, defective trafficking of the CF transmembrane conductance regulator (CFTR) chloride channel leads to CF and reduced intestinal lumen pH (62) . In the human CF intestine, this abnormally low duodenal luminal pH contributes to bacterial overgrowth, dysmotility, and malabsorption (31, (62) (63) . How defective intestinal ion transport, including CFTR dysfunction, contributes to the reduced luminal pH is unknown.
It is widely accepted that the balanced ratio of secreted chloride (Cl Ϫ ) and bicarbonate (HCO 3 Ϫ ) is critical to intestinal fluid secretion. This balance is primarily maintained by the following anion transporters: the sodium-and potassium-coupled chloride (Na ϩ -K ϩ -2Cl Ϫ ) cotransporter 1 (NKCC1), the major basolateral Cl Ϫ entry gateway, the electrogenic sodiumcoupled bicarbonate (Na ϩ /HCO 3 Ϫ ) cotransporter 1 (NBCe1), the major basolateral HCO 3 Ϫ entry gateway; CFTR, the major apical Cl Ϫ and HCO 3 Ϫ exit gateway, in association with the Na ϩ /H ϩ exchanger 3 (NHE3), and the Cl Ϫ /HCO 3 Ϫ exchangers SLC26A6 (PAT-1) and SLC26A3 (DRA). The relative rates of stimulated secretion of HCO 3 Ϫ and Cl Ϫ appear to be determined by their relative conductivity through CFTR, and by cell-to-lumen concentration differences for the two anions (47) . Thus, mucosal responses to an acid or alkaline load and modulation of intestinal luminal pH could involve a number of ion transporters.
Changes in the levels of intestinal ion transporters, including both up-and downregulation, can affect small bowel luminal pH and contribute to disease. The reduced pH in CF results from a loss of CFTR-mediated HCO 3 Ϫ secretion from duodenal villus enterocytes that involves several transporters, including CFTR, members of the SLC26 family of apical anion exchangers (SLC26A6 and SLC26A3), and NBCe1 (18, 30, 35, 50 -51) . In cyclic nucleotide-elicited secretory diarrhea due to cholera and Escherichia coli, fluid and HCO 3 Ϫ secretion are linked to upregulation of CFTR, while absence of CFTR protects against enterotoxin-induced diarrhea (19, 27, (32) (33) . We have reported the cellular sites of origins for CFTR mediated Cl Ϫ vs. HCO 3 Ϫ secretion along the crypt-villus axis in rat intestine (40) . Our studies, and those from other groups, suggest that intestinal ion transporters exhibit plasticity in response to second messengers and stress (21, 30, 33, (57) (58) . Importantly, defects in transporters can cause a loss of these adaptive responses and disordered luminal pH.
To provide a systematic and comprehensive analysis of the trafficking of key transporters that mediate small intestinal luminal pH, their distribution within the full mucosa was examined in the basal state and with response to relevant stimuli (Ca 2ϩ , cAMP, luminal HCl and luminal HCO 3 Ϫ ) in rodent and human intestine. The results of this study provide insights into selectivity and coordination of transport secretory responses to luminal stimuli along the crypt-villus axis. Specifically, our data reveal the following key new observations: 1) consistent with a role in bicarbonate secretion, villus enterocytes respond to Ca 2ϩ , cAMP, luminal acid, and luminal HCO 3 Ϫ conditions by recruiting CFTR into the brush-border membrane (BBM), internalizing NHE3, and recruiting NBCe1 to the basolateral membrane; 2) membrane recruitment of CFTR and NBCe1, and internalization of NHE3 in villus enterocytes are synchronized in response to secretory stimuli; 3) luminal acid selectively elicits robust enterocyte responses in the upper third of the villi by recruiting CFTR and NBCe1 to their respective membrane domains, consistent with acidstimulated bicarbonate secretion; and 4) alkalinization also elicits CFTR/NBCe1 responses but selectively in the lower villi.
These observations suggest that luminal stress and/or stimuli elicit rapid and cell-specific membrane trafficking responses along the crypt-villus axis that can determine the composition of secreted fluid in the lumen and modulate luminal pH.
MATERIALS AND METHODS

Antibodies
Anti-CFTR. AME4991 rabbit polyclonal anti-CFTR antibody was used for immunocytochemistry (4, 33, 40) . The monoclonal mouse anti-CFTR antibody (cat. no. M3A7; Chemicon International, Temecula, FL) was used in some double-label studies. The use of NBCe1, NHE3, and NKCC1 antibodies were described previously (40) .
Human Tissue
Rectosigmoid biopsy specimens (provided by Dr. Anthony Bauer; University of Pittsburgh, Pittsburgh, PA) were obtained from patients undergoing colonoscopy and subsequently found to have no pathology of the large intestine. The study was approved by the Institutional Review Board at the University of Pittsburgh School of Medicine. Colonic biopsies (1.5 mm ϫ 3 mm) were maintained in DMEM and left untreated, or treated ex vivo with 0.2 ml normal saline (pH 7.4) or acidified saline (pH 6.0) that was added to the ϳ1 ml culture solution for 20 min at 37°C in 5% CO 2/90% air atmosphere incubator. Tissues were fixed in 2% paraformaldehyde for 1 h.
Animals
The Institutional Animal Care and Use Committee of Yale University School of Medicine approved the study. Male Sprague-Dawley rats (200 -250 g wt, Charles River Laboratories, Wilmington, MA) were fasted overnight but allowed free access to drinking water and anesthetized with Inactin (120 mg/kg ip) injection. Body temperature was maintained with a heating pad.
Luminal pH Measurement and Luminal Treatment of Ligated Small Intestinal Loops
Intestinal loops (ϳ2.5-cm length) were created with ligatures in the duodenum, proximal jejunum, and ileum. Lumen pH was first measured in untreated segments juxtaposed to a respective treated segment. The pH of lumen samples was measured using the i-STAT blood gas analyzer (Abaxis, Union City, CA) equipped with EC8ϩ sample cartridges (Abbott Point of Care, Princeton, NJ). The cartridges were stored at 4°C, and allowed to equilibrate to room temperature before use. Samples (60 -90 l) were collected from the intestinal lumen by suction into airtight 25-gauge syringes. Care was taken to avoid air bubbles in the samples. Samples were immediately introduced into the well, allowed to fill by passive movement to the indicated level, and the cartridge was inserted into the analyzer. After successful completion of the calibration and analysis cycle, the pH values were recorded as measured at 37°C.
For in vivo luminal infusion, the following solutions were prepared at 37°C: normal saline (pH 7.4); 100 M 8-Br-cAMP or 10 M carbachol diluted in pH 7.4 saline; pH 7.0 saline and pH 2.0 saline acidified with HCl; pH 8.0 saline alkalinized with NaOH; and pH 8.0 HCO 3 Ϫ -saline gassed with 95% O2-5% CO2 and alkalinized with 24 mM NaHCO 3 Ϫ . The pH of the solutions was measured immediately prior to injection. Syringes were filled with the solutions and ligated intestinal segments were infused in vivo for 10 or 20 min. The abdomen was closed, and the animal was kept warm. Immediately following treatment luminal samples (60 -90 l) were collected, and pH was measured as described above. Each lumen pH data point was collected in at least five animals. At the end of the experiment, the animals were killed by administration of intraperitoneal injection of Inactin (200 mg/kg).
Tissue Preparation/Immunofluorescence Labeling
Preparation of intestinal tissues by fixation, embedding, sectioning, and the use of tissue arrays for immunolabeling, microscopy, and densitometric image analysis were performed as described in our previous studies (40) .
Fluorescence Image Analysis and Statistics
Fluorescence intensity levels were measured over the apical membrane (for CFTR and NHE3), lateral membrane (for NBCe1 and NKCC1), and intracellular apical pole on digital images as before (40) . Briefly, data from six to twelve selected areas were averaged in each image, six to eight images were analyzed for each measurement group in one animal, and data were collected from four animals. All measured values were presented as means Ϯ SE. Statistical significance between two individual measurement groups was determined by unpaired Student's t-test. Differences among groups were determined using one-way ANOVA and the Tukey's post hoc method of multiple comparisons. The level of significance was set at P Ͻ 0.05.
RESULTS
Changes in Lumen pH in Rat Small Intestine
Since secretory stimuli can modulate the electrolyte composition in the intestinal lumen, changes in lumen pH in small intestinal segments (duodenum, proximal jejunum, ileum) were measured before and after treatment for 20 min with 1) HCO 3 Ϫ -saline pH 8.0, 2) HCl Ϫ -saline pH 2.0, 3) 8-Br-cAMP-saline pH 7.4, and 4) carbachol-saline pH 7.4 ( Fig. 1) . The mean lumen pH in untreated small intestine were proximal duodenum 7.24, proximal jejunum 6.68, and ileum 7.83. After treatment with HCl Ϫ -saline pH 2.0, lumen pH did not change significantly, suggesting that the small intestine is capable of rapidly restoring its pH after exposure to strong acidic conditions. Treatment with HCO 3 Ϫ -saline pH 8.0 induced small increases in lumen pH: ϳ0.2 in duodenum, 0.3 in jejunum, and 0.2 in ileum. On the other hand, both cAMP and carbachol induced a small but significant decrease in lumen pH by ϳ0.3 to 0.4 in each small intestinal segment.
cAMP and Carbachol-Induced Redistribution of CFTR, NHE3, NKCC1, and NBCe1
cAMP-activated fluid secretion depends on the insertion of CFTR from subapical vesicles into the BBM of villus enterocyte (7). CFTR-mediated fluid secretion in the intestine requires coordinate activities with other transporters including NHE3, NBCe1, and NKCC1 and can be stimulated by both cAMP and calcium agonists (12, 30, 50, 54) . The effects of cAMP and the muscarinic receptor agonist carbachol on the distribution of these transporters was examined in the small intestine (Fig. 2) . In untreated jejunum, immunolabeled CFTR and NHE3 were largely confined to the BBM and subapical vesicles, consistent with published reports (40) . CFTR was present in both crypt and villus enterocytes, but NHE3 was confined to villus enterocytes. NKCC1 labeling was largely intracellular, but NBCe1 was localized both in intracellular compartments and on the basolateral membranes of villus enterocytes (40) . Following stimulation with either carbachol or cAMP, CFTR redistributed to the BBM of enterocytes in the crypt and villi (Figs. 2A and 3, A-B) consistent with previous findings (6, 40) . In contrast, a large proportion of NHE3 in the BBM redistributed to a subapical compartment (Fig. 2C ). Both carbachol and cAMP stimulation resulted in translocation of NKCC1 and NBCe1 to the basolateral membranes of villus enterocytes ( Fig. 2B ) and increased NKCC1 in the basolateral membranes of goblet cells (Fig. 2 , B and C). The cellular redistribution of transporters in response to both secretagogues was observed throughout the length of the villus. Figure 2 shows images of transporter redistribution patterns in representative midvillus regions that were confirmed by densitometry (Fig. 3 ). The movement of CFTR into and NHE3 out of the apical BBM in response to the secretory agonists cAMP and carbachol are consistent with CFTR-mediated anion secretion that is maximized by concomitant inhibition of Na ϩ absorption. The observed parallel movement of chloride (NKCC1) and bicarbonate (NBCe1) transporters into the basolateral membranes provide the anions for apical secretion. 
HCl-Saline Induced Redistribution of CFTR, NHE3, NKCC1, and NBCe1
Next, we examined whether luminal exposure to an acidic saline solution alters the subcellular distribution of anion transporters in the small intestine. Treatment of ligated segments with HCl-saline pH 2.0 for 20 min resulted in robust recruitment of NBCe1 to the enterocyte basolateral membrane in jejunum (Fig. 4, A- 
, C-D).
Although not the focus of this study, CHE cells represent a small (ϳ2.5%) subpopulation of enterocytes in the small intestine that express very high levels of CFTR and undergo robust second messenger regulated traffic into and out of the BBM (5, (7) (8) . Acid treatment resulted in retention of NKCC1 in intracellular compartments in villus enterocytes, but its recruitment to the basolateral membrane of goblet cells (Fig. 5, C-D) . Finally, acid treatment induced partial internalization of NHE3 from the BBM to a subapical compartment of enterocytes of the upper villus (Fig. 6 ). Densitometry analysis of HCl-saline induced changes in fluorescence intensity of transporter distri- bution is shown in Fig. 7 , left column. These observations suggest that epithelial cells of the upper villus epithelium respond to low pH by upregulating CFTR on the BBM. In contrast to cAMP and carbachol, low pH does not lead to NKCC1 recruitment on the basolateral membranes of enterocytes, but to its retention within the cytoplasm, suggesting that under this condition, chloride secretion is limited and bicarbonate secretion predominates because of robust membrane recruitment of NBCe1 to the basolateral membranes of enterocytes.
HCl-Saline pH 6.0 Redistributes NKCC1 in Human Colonic Goblet Cells
The observed acid-induced redistribution of NKCC1 to the basolateral membranes of rat goblet cells following pH 2.0 were recapitulated in human colon explants following treatment with HCl-saline pH 6.0 for 20 min ex vivo (Fig. 5, E and  F) . Since a pH 2.0 solution caused tissue damage to the ex vivo tissue explant, its effect on transporters was not studied.
HCO 3 Ϫ -Saline Induced Redistribution of CFTR, NHE3, NKCC1, and NBCe1
In contrast to the observed effects of acid, luminal HCO 3 Ϫ in jejunum and ileum appeared to preferentially target enterocytes in the lower villus epithelium. Both basolateral NBCe1 (Fig. 8A ) and apical CFTR label (Fig. 8B) were selectively increased in lower villi. HCO 3 Ϫ treatment also increased basolateral NKCC1 in goblet cells but decreased basolateral NKCC1 in enterocytes (Fig. 8C ). After HCO 3 Ϫ treatment, NHE3 remained largely localized to the BBM, although at a slightly reduced intensity (Fig. 6C ) as confirmed by densitometry (Fig. 7, right graphs) .
Effects of Mildly Acidic, Neutral, and Mildly Alkaline Saline on the Distribution of CFTR and NBCe1
The distribution of CFTR and NBCe1 were examined in tissue sections from jejunal loops that were left untreated or treated with mildly acidic saline (H ϩ -saline; pH 7.0), saline (pH 7.4), or mildly alkaline saline (OH Ϫ -saline; pH 8.0). Compared with untreated tissue (Fig. 9, D and H) , BBM CFTR label was highest at pH 7.0 followed by pH 7.4, and at pH 8.0 CFTR label intensity resembled that of the untreated tissues (Fig. 9, A-D) . The pattern of basolateral NBCe1 distribution under the same conditions paralleled CFTR (Fig. 9, E-H) .
Comparison of Tissue Responses to OH
Ϫ -Saline or HCO 3 
Ϫ -Saline at the Same pH (pH 8.0)
Studies have suggested that epithelial cells directly sense PCO 2 rather than pH (36) . Under this scenario, CO 2 generated from the interaction of luminal H ϩ and HCO 3 Ϫ at the mucosal surface stimulates bicarbonate and mucus secretion (2). We examined transporter distribution patterns in surface mucosa in the presence or absence of generated CO 2 . Neighboring ligated proximal jejunal loops were treated with OH Ϫ saline or HCO 3 Ϫ -saline at pH 8.0. In the OH Ϫ -saline-treated epithelium, membrane CFTR (not shown) and NBCe1 levels remained low in enterocytes, and membrane NKCC1 levels remained low in enterocytes and goblet cells (Fig. 10, A and C) . Thus, neither the enterocytes (involved in bicarbonate secretion) nor the goblet cells (mucus secretion) responded to luminal alkalinization when CO 2 was not generated. In contrast, after HCO 3 Ϫ -saline treatment, apical CFTR (not shown), as well as basolateral NBCe1 labeling increased strongly in enterocytes, and basolateral labeling of NKCC1 selectively increased in goblet cells (Fig. 10 , B and D and graphs in Fig. 7, B, F, and H) . Thus, anion transporter trafficking was robust in bicarbonate (enterocytes) and mucus secreting (goblet) cells when CO 2 was generated. Following both OH Ϫ or HCO 3 Ϫ -saline treatments, NKCC1 was largely internalized in enterocytes (Fig. 10, B and D; open arrowheads), suggesting that stimulated basolateral Cl Ϫ transport was not activated in these conditions. The observed differences in trafficking responses in the presence and absence of CO 2 support the hypothesis of epithelial CO 2 sensing and suggest that enterocytes and goblet cells respond to CO 2 simultaneously; CFTR and NBCe1 traffic to their respective membrane domain in enterocytes and NKCC1 in goblet cells.
DISCUSSION
Redistribution Patterns of Ion Transporters
The present study examined cell-specific transporter trafficking patterns in tissues from rat and human intestine under basal conditions and following luminal administration of four physiologically relevant stimuli: cAMP or Ca 2ϩ mediated secretagogues and HCl or HCO 3 Ϫ -saline, conditions that can lead to anion secretion and alterations in luminal pH. CFTR abundance increased in the enterocyte BBM after all treatments, consistent with published studies of CFTR-mediated anion secretion following cAMP and Ca 2ϩ activation (35), luminal acid, or CO 2 challenge (44, 54). NHE3 dramatically redistributed to a subapical compartment of enterocytes along the entire villus axis after cAMP or carbachol. Robust NHE3 internalization was observed only in upper villus enterocytes after luminal acid. NHE3 internalization was observed following HCO 3 Ϫ treatment but was less pronounced compared with that observed following acid, carbachol, or cAMP. The cellular redistribution patterns of NHE3 observed in this study correspond to functional data indicating that both cAMP (30, 46) and carbachol (43) strongly inhibit NHE3 activity. The observed NHE3 trafficking responses suggest that NHE3 remains partially active under acid or CO 2 challenge (25, 44) and are in agreement with functional data on NHE3 activity under these conditions. The finding that all four conditions (luminal acid, luminal HCO 3 Ϫ , carbachol, and cAMP) lead to simultaneous BBM recruitment of CFTR and NHE3 internalization extends our previous observations that a single stimulus (carbachol) causes simultaneous BBM recruitment of CFTR and NHE3 internalization in the same villus enterocytes (40) . These reciprocal trafficking events align closely with physiological findings that: 1) cAMP-induced inhibition of NHE3 activity and stimulation of CFTR activity occur in parallel in villus epithelium (30) , 2) CFTR inhibition augments NHE3 activity during luminal high CO 2 exposure in rat duodenum (44) , and 3) NHE3 inhibition upregulates CFTR function during duodenal bicarbonate secretion (25) . The data presented in the present and previous study (40) unambiguously demonstrate that both CFTR and NHE3 are present in villus enterocytes along the entire small intestine.
In the present study, apical CFTR recruitment is consistently accompanied by basolateral NBCe1 recruitment in the same villus epithelium after secretory stimuli elicited by cAMP, carbachol, HCl-saline, or HCO 3 Ϫ -saline, similar to responses elicited by the prosecretory drug lubiprostone (39) . In fact, we found no condition where CFTR or NBCe1 was recruited without the other (Jakab RL, Ameen NA, unpublished observations). This suggests that the two trafficking events are functionally linked in small intestinal villus enterocytes. Membrane recruitment of CFTR or NBCe1 alone was observed in response to cAMP or carbachol (6, 10 -11, 40). It is recognized that CFTR expression is a sine qua non condition for cAMP and Ca secretion (50) . Although the morphological nature of this study allows limited speculations on function, the observed corecruitment of CFTR and NBCe1 suggests their coactivation and implies that CFTR function is consistently linked to HCO 3 Ϫ secretion in villus enterocytes. Overall, our data provide a compelling morphological argument for the concept that CFTR, NHE3, and NBCe1 are functionally linked in the same villus enterocytes and further support their roles in anion secretion in diarrheal disease (21, 23, 45, 50) . cAMP and carbachol recruited NKCC1 to the basolateral membrane, but NKCC1 was internalized after HCl-saline or HCO 3 Ϫ -saline treatments in enterocytes. Membrane recruitment of NKCC1 can follow low intracellular Cl Ϫ levels, hypotonic swelling, or cell shrinkage, while Cl Ϫ secretion is associated with BBM recruitment of CFTR that occurs in conjunction with basolateral membrane recruitment of NKCC1 following secretagogue (20) . The observed internalization of NKCC1 in enterocytes following HCl-saline or HCO 3 Ϫ -saline treatment is consistent with reduced Cl Ϫ secretory activity. NKCC1 was recruited to the basolateral membrane of goblet cells after all four treatments, but was particularly robust after HCl-saline (upper villus 2.21-fold increase) and HCO 3 Ϫ -saline treatment (upper villus 2.51-fold increase) compared with the relatively modest (1.3-to 1.4-fold) increase after treatments with cAMP or carbachol. The approaches used in the present study cannot determine whether this trafficking event is a volume regulatory phenomenon to counterbalance cell shrinkage following exocytosis of mucus granules, or activation of Cl Ϫ secretion in association with mucus secretion by goblet cells, as suggested (41) . In either case, the recruitment of NKCC1 in goblet cells is likely linked to mucus secretion. Indeed, both luminal acid or CO 2 challenge potently stimulate mucus secretion (2). Unlike enterocytes, goblet cells are devoid of CFTR and NBCe1, but may contribute to anion secretion via transporters not studied here, e.g., the Ca 2ϩ -activated Cl Ϫ channel bestrophin 2 (64) or the TMEM16 anoctamin channels (42) .
Lumen pH Profile Along the Small Intestine
The pH in the small intestine was relatively high in the duodenum (mean pH 7.24), lower in the proximal jejunum (mean pH 6.68), and highest in the ileum (mean pH 7.83; see Fig. 1 ). These data indicate that the lumen is relatively alkaline with higher HCO 3 Ϫ concentrations in the unstimulated duodenum and ileum. The small intestinal pH profile agrees with physiological data that the duodenum and ileum preferentially secrete HCO 3 Ϫ , whereas the jejunum preferentially absorbs HCO 3 Ϫ in the steady-state fasting condition (14 -15, 26 ). The intestinal pH profile observed in this study corresponds well with that reported earlier for the rat (61) and humans (22, 31, 48 -49) . Our lumen pH findings were comparable to previous studies that employed pH electrodes in rats (61) . In the referenced study, the mean luminal duodenal value was pH 6.9 in fed rats and pH 7.1 in fasted rats, and the jejunum-ileum value was pH 7.4 in fed rats and pH 8.0 in fasted rats. Human intestinal pH profiles are similar to the present study, but the pH values are ϳ0.5 to 1.0 point lower (22, 31, 48 -49) . The most likely explanation is that all human studies were conducted under nonfasting conditions and feeding markedly lowers lumen pH (61) . Our data indicate that the lumen pH changes in individual segments following a physiological stimulus (see below) but maintains the overall pH gradient along the small intestine. The untreated lumen pH data were obtained from nonligated intestine. However, the lumen pH responses to the 20-min treatments were obtained in ligated segments. Thus, the lumen pH responses represent nonphysiological conditions, since in ligated segments lumen content propulsion is blocked, whereas the intact intestine is able to alter lumen pH by propulsion of the lumen content.
Experimentally Induced Lumen pH Responses
The observation that lumen pH was restored 20 min after pH 2.0 HCl-saline was particularly notable, indicating that each intestinal segment is able to rapidly restore its pH after exposure to strong acidic conditions. Lumen pH was slightly reduced by cAMP or carbachol and slightly increased after luminal HCO 3 Ϫ treatment. Fluid secretion induced by the secretagogues cAMP or carbachol are associated with reduction in lumen pH. Both cAMP and carbachol induced robust recruitment of NKCC1, NBCe1, and CFTR and endocytosis of NHE3 from the apical BBM. These transporter trafficking events are consistent with collective coordinate activities that result in increased NKCC1-mediated Cl Ϫ secretion and reduced lumen pH.
After both luminal HCl and luminal HCO 3 Ϫ treatment, apical CFTR was recruited into the BBM but, of the basolateral transporters, only NBCe1 was recruited, and basolateral NKCC1 was reduced in crypt enterocytes and remained internalized in villus enterocytes. The internalization of apical BBM NHE3 was partial and incomplete along the villus axis, a response consistent with fluid absorption at a reduced level. These transporter trafficking behaviors are collectively consistent with CFTR/NBCe1-mediated HCO 3 Ϫ secretion but a diminished NKCC1-mediated Cl Ϫ secretion component. These events could lead to the observed restoration of lumen pH after acid treatment and account for the slight lumen pH increase after HCO 3 Ϫ treatment.
Functional Relevance of CFTR/NBCe1 Coexpression In Villus Enterocytes
We previously demonstrated (40) , and confirmed here that CFTR and NBCe1, the transporters involved in stimulated HCO 3 Ϫ secretion are present together in villus enterocytes along the small intestine. A compelling clinical correlate of this finding is that disorders involving villus atrophy have abnormal responsiveness to luminal pH imbalances. For example, HCO 3 Ϫ secretion is minimal in irradiation pathology, where villus atrophy is a hallmark effect (65) . Also, both CFTR and NBCe1 are expressed most robustly in the villus epithelium of the proximal duodenum (40) , a region where the function of neutralizing gastric acid was found to be impaired in the human CF intestine (31) .
It is a basic tenet of intestinal physiology that bicarbonate and mucus secretion occur in tandem (2) . All four secretory stimuli studied here (cAMP, Ca 2ϩ , acid, or CO 2 challenge) induce bicarbonate and mucus secretion simultaneously (2) . In agreement with this, the present data (see graphs in Figs. 3 and  7) , show a coordinated activation of CFTR/NBCe1 coexpressing villus enterocytes and NKCC1-expressing goblet cells (as measured by the respective trafficking response) following all four secretory stimuli (cAMP, Ca 2ϩ , acid, or CO 2 challenge). The data provided in the present study align well with a model (see Fig. 11 ), whereby CFTR/NBCe1 coexpressing villus enterocytes maintain a loose mucus layer by infusion of HCO 3 Ϫ -rich fluid into the adherent firm mucus secreted by NKCC1-expressing goblet cells. This process can aid mucus emptying and removal if the ion transporters involved function normally (3, 16) . The importance of defective bicarbonate secretion in the pathogenesis of intestinal CF mucoviscidosis is increasingly recognized as recently demonstrated (34) . Using a CF mouse model, investigators examined mucus layer removability from CF and non-CF small intestinal villi, and demonstrated a critical role for bicarbonate in unpacking and transforming secreted mucins to removable loose mucus by neutralizing pH and removing Ca 2ϩ . Loss of basolateral HCO 3 Ϫ transport in wild-type mucus resulted in an adherent CF mucus, and apical HCO 3 Ϫ buffers transformed the CF mucus to that of loose mucus resembling wild-type. The findings of the present study and those of other groups (3, 16, 28, 34) provide a credible explanation for compromised mucus removal in CF disease where the HCO 3 Ϫ secreting capability of CFTR-deficient villus enterocytes is defective. Garcia et al. (28) found that NBCe1-and NKCC1-mediated effects are additive in removing the loose mucus, and both converge on a common CFTR pathway. These findings align with morphological observations in this study that support CFTR/NKCC1/NBCe1 coexpressing villus enterocytes in mediating such an effect. Indeed, the phenotype of corkscrew ceca was observed in CFTR null mice (56), NKCC1-null mice (24) , as well as NBCe1-null mice (29) , indicating that all three transporters are required for preventing mucus impactions.
Differential Responses of Upper vs. Lower Villus Enterocytes and Role of Mucus Layers
This study revealed that acidic challenge (luminal HCl Ϫ -saline at pH 2.0) preferentially recruited apical BBM CFTR and basolateral NBCe1 in the upper villus. Indeed, upper villus enterocytes appear to sense acidity (the relative levels of H ϩ and HCO 3 Ϫ ) through a carbonic anhydrase II-mediated mechanism (55) . On the other hand, tissue responses to HCO 3 Ϫ -saline at pH 8.0 preferentially involved cells in the lower villus. The selectivity in responses by upper vs. lower villus epithelium to luminal acid vs. bicarbonate may also be linked to mucus layer differences (9) along the villus axis. In the absence of direct evidence, our findings complement existing (1, 9, 16, 28, 55) and emerging data (34) in support of our proposed model (Fig. 11) . Under steady-state conditions, a luminal H ϩ /HCO 3 Ϫ equilibrium could be maintained, in part because the loose mucus layer accumulating HCO 3 Ϫ and the firm layer enriched in H ϩ can be reversibly transformed into each other as previously suggested (34) . Under conditions of excess luminal acid, luminal H ϩ first contacts the loose mucus layer over the upper villus (34) . Here luminal H ϩ can react with the HCO 3 Ϫ content of the loose mucus layer to produce CO 2 to acidify upper villus enterocytes that respond by upregulation of NBCe1 and CFTR to enhance HCO 3 Ϫ secretion. On the contrary, when excess luminal HCO 3 Ϫ contacts the loose mucus layer, CO 2 is not generated. Here, upper villus enterocytes are not acidified, and NBCe1 and CFTR are not upregulated. However, the excess HCO 3 Ϫ could diffuse deeper and react with the H ϩ content of the firm mucus layer, and the released CO 2 can diffuse into and acidify lower villus enterocytes that can respond by upregulating NBCe1 and CFTR to enhance HCO 3 Ϫ secretion. Precedence for functional selectivity between lower and upper villus epithelium has been observed for other transporters such as DRA and PAT-1 that are functionally linked to CFTR, but further studies are required to understand in more detail how these exchangers respond to stimuli at the cellular level. The Cl -/HCO 3 Ϫ anion exchangers DRA and PAT-1 possess differential expression profiles along the crypt-villus axis of duodenum (38, 52-53, 59 -60). Expression levels for DRA are greater in the lower villus/crypt while PAT-1 is more abundant in the upper villus. Recent studies suggest that PAT-1 Cl Ϫ out /HCO 3 Ϫ in exchange provides a HCO 3 Ϫ import pathway in upper villus epithelium to sustain intracellular pH homeostasis during acid challenge (53) . Microfluorometry studies identified PAT-1 as the major contributor to total Cl Ϫ /HCO 3 Ϫ exchange in upper villus, and DRA as the main contributor in lower villus. But under conditions of outwardly directed HCO 3 Ϫ , functional activity of PAT-1 was detected in lower villus epithelium (60) .
In conclusion, the results of this study reveal novel details regarding the distinct roles, coordination, and selectivity of secretory responses by epithelial cells and transporters along the crypt/villus axis. An important role for CFTR-mediated bicarbonate secretion emanating from villus enterocytes was recently recognized, and emerging evidence suggest that this activity is central to the pathogenesis of intestinal disease in CF. But whether acid-stimulated bicarbonate secretion originated from specific sites along the crypt-villus axis was unclear. The observed synchronized trafficking responses of CFTR, NHE3, and NBCe1 to low pH in upper villus enterocytes of proximal small intestine support robust acid-stimulated bicarbonate secretion in cells that first encounter low pH from stomach effluent entering the duodenum. These observations also provide more understanding of the underlying pathophysiology of abnormally low luminal pH in the human CF duodenum where CFTR is absent from the enterocyte BBM.
While electrophysiological approaches such as Ussing chamber have been central to investigating the physiological and pharmacological responses of epithelial tissues, complementary morphological approaches, such as those applied in this study, are necessary to fully grasp the complexity of the functional organization of an intact epithelium. Studies of intestinal tissues that employ a combination of in vivo treatments and morphological analytical techniques are critical to identification of new cell type-specific functions and regulation.
